Emerging contaminants (ECs) have received great attention in developed countries and as such some of them have received priority screening and regulatory guidelines proposed. However, due to the requirements of highly sensitive and sophisticated analytical equipment, research on this subject in developing countries in Africa are very scarce. We carried out a review of published data from southern and western African region in order to: (1) highlight the environmental concentrations of ECs in West and Southern Africa and bring to light the analytical challenges in order to elicit discussions on solutions, (2) analyse the state of science regarding ECs in African environment and summarise available data for comparative analysis. Generally, the study reveals that in spite of the scanty data reported, levels of ECs are in the upper range of global concentrations. Monitoring data are increasing yearly, although at a very slow rate. Environmentally relevant levels reported are high enough to cause potential risks. Priority monitoring of phenolic endocrine disrupting compounds, phthalate esters, triclosan, triclocarban and some pharmaceutical active compounds (PhACs) like ibuprofen are recommended due to high frequency of detection. Understudied compounds should be prioritized for toxicity studies, monitoring and potential risk evaluation in order to increase knowledge on their sources and fate for proper management.
Introduction
Emerging contaminants (ECs) consist of a group of organic compounds recently suspected or known to cause adverse ecological and/or human health effects [1] . The contaminants consist of an array of compounds including, but not limited to, pharmaceuticals and personal care products (PPCPs), endocrine disrupting compounds (EDCs), phthalates, perfluoroalkylated surfactants, perchlorate, alkylphenolpolyethoxylates, etc. [2, 3] . The term "emerging contaminants" used to describe newly detected chemicals in the environment is somewhat elusive since the term "emerging" is a matter of perspective as well as timing [4, 5] . Furthermore, the term does not only pertain to the chemicals themselves but also to the many dimensions associated with their properties and their source-to-effect processes [6] . Therefore, a single list of these contaminants may not be possible. At best, one would only consider and prioritize a selected number for environmental monitoring or in general discussions. Arp [7] considered emerging contaminants in two groups, namely: "new" emerging contaminants, which are chemicals that are recently manufactured and suddenly become ubiquitous in the environment (e.g., decabromidiphenylethane) and "old" emerging contaminants, which are the ones that actually had been around for several decades but simply were not on the radar or for which analytical methods were unavailable until recently (e.g., hexabromobenzene). Some emerging contaminants are merely impurities that are associated with chemical formulations [8, 9] . Also, metabolites of emerging contaminants may prove to be important [9] .
Pharmaceuticals and personal care products (PPCPs) comprise those products used for human health, personal care, livestock, such as pharmaceuticals, fragrances, sunscreen products, etc. [10, 11] . With the advent of more sophisticated analytical instrumentations, detection of pharmaceuticals in the environment has been on the increase since 1990s [12] . This has caused a lot of environmental concern due to their suspected toxicity. For instance, the synthetic oestrogen ethinyloestradiol, a pharmaceutical has been reported to posses certain adverse reproductive effects [13] . Even though several reports have speculated possible long term environmental toxic effects of pharmaceuticals, potential adverse effects of most PPCPs identified in the environment still remain unknown [13] [14] [15] . On the other hand, EDCs consist of synthetic and naturally occurring chemicals that affect the balance of normal hormonal functions in animals [16] . Some of the structural examples of these emerging organic contaminants are presented in Fig. 1 .
The chemistry and physical properties of ECs such as surface and biological activity, photo-sensitivity, chemical/ thermal stability have given them unique behaviour that renders them undesirable environmental pollutants beyond certain thresholds. For instance, some studies on using octanol/ water partition coefficient as a parameter reveal that some ECs could bioaccumulate in biological systems over time [17, 18] . Wide range and varying solubility properties have been reported for different class of ECs. For example, the antibiotic drugs sulfamethoxazole and ciprofloxacin have water solubility values of 610 mg/l and 13,500 mg/l, respectively [19] . This implies that even within the same class of contaminants, ECs could display very contrasting solution chemistry. ECs can both be natural occurring (e.g., estrone) or mand-made (e.g., bisphenol A).
The first extensive countrywide search for emerging organic contaminants was conducted between 1999 and 2000 [20] . Other surveys that followed reported that the most frequently found endocrine disruptors in water streams in the US were non-prescription and prescription drugs, insect repellents, detergent metabolites, plasticizers, fire retardants, human and veterinary antibiotics, herbicides, hormones and solvents [21, 22] . These consecutive surveys came as a response of the discovery of a widespread sexual disruption in wild fish by some of these contaminants in late 1990s [23] . These contaminants have been given much attention recently due to improved analytical techniques and are almost ubiquitous in the environment as they are present in household wastes, industrial discharges, pharmaceuticals and hospital effluents. Adverse effects of some of these compounds have been observed in aquatic organisms. Several reproductive anomalies have been reported in vertebrate and non-vertebrate aquatic species due to exposure to endocrine disrupting compounds (EDC's) [24] [25] [26] . Also, EDC's have been recently matched with the ability to interfere with thyroid function or lipid signalling and consequently produce metabolic disruption or incidence of metabolic diseases such as obesity and diabetes, through the activation of peroxisome proliferator activated receptors (PPARs) [27] [28] [29] . Large quantities of household wastes containing pharmaceuticals and personal care products are generated on daily basis. Inefficient collection techniques, insufficient coverage of the collection system and improper disposal of these wastes have been some of the setback in most African countries [30, 31] . These deficiencies have led to the accumulation of contaminants of emerging concern in most matrices and aquatic environment tends to be the most significant sink for most of these contaminants. Many of these chemical contaminants are widely distributed in the aqueous environment as a consequence of human activities and continuous discharge. This ultimately results in their indirect uptake by aquatic organisms and humans through different routes including: inhalation, ingestion via drinking water, dermal contact, and oral intake through the food chain. The worldwide scientific interest concerning the environmental impact of emerging organic contaminants and their bioactive metabolites, as well as personal care products are displayed in the yearly increase in the number of studies referring to the subject matter [32] . These studies are mainly focused on aquatic environments with fewer reports on soils, sludge and sediments [33] . The largest amount of data was found for Italy, Spain, Sweden, Switzerland, Netherlands, UK, Israel, USA, China, Canada and Germany [32] .
In Africa, most researchers have not shown interest in investigating the risks associated with the accumulation of these organic contaminants of emerging concern in the environment. This is evidenced in a limited number of researches to elucidate the levels and effects of these contaminants conducted mostly in some southern and western parts of Africa. Recent reviews of global distribution of ECs in aquatic environments have revealed non-existing or scanty data for most African countries as at 2018 [33, 34] . Therefore, the purpose of this review is: (1) to highlight the environmental concentrations of ECs in Western and Southern Africa; (2) to bring to light the analytical challenges in order to elicit discussions on solutions; (3) to analyse the state of science regarding ECs in African environment and (4) to summarise the scanty data available in Africa.
Sources and Fate
A large number of contaminants of emerging concern are widely distributed across various industrial, agricultural, household and personal care products including pharmaceuticals, plasticizers, food additives, cosmetics, bactericides, herbicides, deodorants, skin care products amongst others. Emerging contaminants in aquatic environments reported in Africa are mostly traced to point sources including waste water treatment plants, landfills and dumpsites amongst others. In a study by Sorensen and co-workers [1] , the source of EC's including triclosan, herbicide, insecticides in a groundwater source in Zambia were traced to effluents from residential areas while chlorinated solvents were restricted to industrial domains. A similar report in Nigeria have traced the source of EC's to rubber and asphalt processing industries, sanitary landfill site and hospital dumpsites [35] . Although some of these contaminants have been reported to be non-persistent due to their short half-life example diclofenac, others tend to be resistant to biodegradation. The environmental fates of most of these contaminants in aquatic systems are yet to be completely established. However, few suggestions have been made on certain pharmaceuticals like clofibric acid, diclofenac, ibuprofen, etc., to exist in the aqueous phase as ions at neutral pH from where they adhere to the surface of adsorbents during routine treatments [36] . Other investigations suggest the existence of drug conjugates in aquatic medium from which the free parent drug can be later released through hydrolysis into the environment, therefore suggesting that some pharmaceuticals may be labile with mineralization to carbon dioxide and water, lipophilic and resistant to degradation and/or metabolised to a more persistent form thereby passing through routine treatment membranes to receiving waters [37] . The different possible sources of EC's and the different routes of human exposure in the environment are shown in Fig. 2 .
Toxic Effects
Emerging contaminants predominantly occur in trace levels (μg/l and ng/l) in the environment. Toxicological assessments of these compounds have been conducted in most aquatic biota in other regions of the world resulting in the toxicological trend of sex hormones > cardiovascular drugs > antibiotics > antineoplastics [38, 39] . Furthermore, risk assessment of EC's in African environment to evaluate its toxicity indicated that pharmaceutical and industrial compounds were the most likely EC's to cause detrimental effects to aquatic organisms [35] . Sexual disorders, abnormal and disorganised reproductive tissues in alligators and fishes have been reported as well [29] . Also, phthalate esters mostly used as plasticizers have been reported to be a suspect carcinogen [40] . African population may likely be the most vulnerable to these unhealthy effects if adequate scientific investigations are not carried out. This is due to the fact that most African cities are densely populated with large usage of products containing these compounds, but lack adequate waste water treatment facilities. Hence, untreated effluents are directly discharged to surface waters and soil [1, 41] . Although direct adverse effects of these contaminants have been scientifically established in aquatic biota, their effects on humans are still speculative.
3 4 Analysis and Environmental Concentrations
The proximity of experimentally determined EC in any matrix to its true value depends mostly on the use of proper protocol and quality control. Analytical requirements for appropriate protocol consequently depend on the methodology as well as the sensitivity of the equipment used. This is due to the fact that EC's occur in trace concentrations in the environment. Various methodologies have been used to assess the concentration of EC's in African environments. These mostly include: gas chromatography-mass spectrometry (GC-MS) and Liquid Chromatography-Mass spectrometry (LC-MS). Only a few used tandem mass spectrometry. The concentrations as well as instrumental techniques used are summarised in Table 1 , while comparative EC levels in other parts of the developed world are presented in Table 2 . The list in Table 2 is not meant to be exhaustive. However, we present contaminants that are among the most frequently monitored and/or detected. As a consequence of the differences in structure, chemical/physical properties, and mechanism of action, analysis of ECs presents technical challenges to analytical chemists globally. Development of multiresidue and multiclass methods are desirable and are areas of current investigations [62] [63] [64] . One of the challenges with the development of these methods is the fact that organic compounds in environmental matrices are quantified traditionally by GC or LC depending on whether they are volatile or not [65] . Therefore, if a new compound is listed as an EC or compounds with anomalous properties are considered, it becomes difficult for a single method to be applied. Derivatization could be used to convert between volatile or nonvolatile compounds so that they could be suitable for either GC or LC depending on which equipment is at the disposal of the analyst. However, derivatization has its demerits such as requirements for more experimental steps with additional solvents/reagents, and undesirable by-products could be produced which could compromise the selectivity of the analytical method [65] . For example, in a recent study in Nigeria [50] , we used derivatization method because a suitable equipment was unavailable for our target compounds. In Africa where funding for research is very low coupled with epileptic power supply and lack of expertise, sample preparation techniques that would achieve good preconcentration of analytes for available equipment at lowest possible cost are desirable.
Furthermore, liquid-liquid extraction (LLE) method is a common sample preparation procedure in most analytical laboratories in Africa. However, this extraction method for ECs are not suitable any longer because it requires a lot time and volumes of solvents, and there is possibility for an emulsion to be formed for certain types of samples and loses of targets during the clean-up stage [66] . Now, the solid phase extraction (SPE) methods are being used instead of LLE because it is more convenient, faster, and smaller amounts of solvents are needed. However, the right choice of SPE cartridges must be made based on the target compounds because SPE cartridges are made of different sorbent materials and hydrophilic-lyophilic balance (HLB) which may affect the chemistry of the target compounds and hence producing false results. Another important aspect in the analysis of ECs is the sample collection and handling steps. In Africa, financial and logistical limitations could affect the choice of appropriate number and size of samples as well as the frequency of sampling. All of these are very important in determining the true concentrations of the target compounds. Few grab samples with good analytical equipment for detection only provide good estimates of the levels in environmental samples. A significant number of the researches in ECs in African waters are done in collaboration with foreign laboratories that provide technical assistance with analysis. For instance, in Sorensen et al. [1] and Arukwe et al. [31] it was reported that samples were transported under low temperatures from Zambia to the UK and from Nigeria to Norway, respectively.
The methods adopted were very appropriate but the choice of sample size and frequency of sampling could be limited for logistical reasons. So, development of methods that are quick, easy, cheap, effective, rugged, and safe (QuEChERS) suitable in the African context would be very desirable.
Advances in monitoring techniques for ECs in water samples have been reported but these are rarely used for monitoring studies in Africa, except in few cases that samples are freighted out of the continent for analysis. In the case of sample preparation, new methods such as the use of ionic liquids, nanomaterials and supramolecular solvents for extraction of ECs have been documented [67] . Also, non-target screening utilising data mining in some analytical methodologies have also been reported [68] . Recently, the metabolism and degradation of vancomycin in simulated in vitro and aquatic environments by ultra-high-performance liquid chromatography (UHPLC)-triple-time of flight (TOF)-tandem mass spectrometry (MS/MS) have been Data with the same Roman numerals represent reports for the same river body R river, L lake, TMDD 2,4,7,9-tetramethyl-5-decyne-4,7-diol, BAM 2,6-dichlorobenzamide, DOCDD 1,6-dioxacyclododecane-7,12-dione, DEHP bis(2-ethylhexyl)phthalate, BCPS bis (4-chlorophenyl)sulfone, NBBS N-butyl benzenesulfonamide, CMDMP 2-chloromethyl-1,3-dichloro-2-methylpropane, TCEP tri-(2-chloroethyl)phosphate, < DL below detection limits reported [69] . In spite of the rapid advances in the development of new detection techniques for ECs, most dedicated analytical laboratories are yet to fully adopt them for technical reasons. In a recent report in which different coupled chromatographic methods for studying of ECs in different matrices were compared, it was found that out of all the papers reviewed, only 50% used quadrupole MS, while only 24% used time of flight MS [70] . EC's in aqueous matrices in Africa reported in the literature range from milli to nano levels when compared with other regions of the world at micro to nano levels. This suggests higher concentration as well as higher possibility of risk within the affected regions. Among the contaminants investigated, phthalate esters, phenolic EDCs and pharmaceuticals tend to be the predominant contaminants of emerging concern in Western and Southern African regions respectively. Data from other African regions are yet to be reported. Perhaps the idea of investigating the possible risk associated with exposure to these contaminants is still burgeoning in these regions or lack of highly sensitive instruments to determine the levels of these contaminants may be the contributing factors to the scarcity of data. Although scientific evaluation of the risk associated with these contaminants in the natural environment have been criticized by some scholars to be a waste of time due to their extremely low levels [71] visible adverse effects resulting in hormonal and other sexual disorders have been observed and reported in some vertebrate and non-vertebrate species which were scientifically traced to these contaminants [24] [25] [26] . Even though direct link with human health is yet to be established, it may be possible that the human health effects is cumulative and may manifest over time in areas with large influx and usage of these chemicals with little or no regulation or remediation strategies. Hence, it is necessary to keep scientific watch to prevent being taken unawares with its adverse effects.
Perspectives on Treatment Options
In Africa, a large percentage of the urban and suburban population rely on groundwater supplies such as boreholes. While in the rural areas, inhabitants rely heavily on surface water resources for drinking and domestic use. Therefore, effluents discharged into surface waters may result in significant source of ECs in such areas [72] . Water treatment facilities are either not available or not of sufficient coverage in most cities [65, [73] [74] [75] . In the case of boreholes: once established, water quality monitoring programs are rarely implemented due to energy, financial and logistical constraints [73, 76] . Therefore, the most basic methods, such as boiling, porous ceramic filtration, solar and dilute hypochlorite solution disinfection, are adopted for treatment of water meant for domestic uses [77] [78] [79] . For the reason that majority of compounds currently classified as emerging contaminants are yet to be regulated with respect to environmental pollution in most, if not all, African countries, there are no discharged effluent regulatory limits for water treatment plants (WTPs). Consequently, available WTPs may not have been designed to remove ECs. Nevertheless, a recent review has documented few reports on the removal efficiencies of selected pharmaceutically active compounds (ketoprofen, naproxen, diclofenac, and ibuprofen) in wastewater treatment plants (WWTPs) in Kenya, South Africa, and Algeria [65] . The average removal efficiencies were between 61 and 95%. Lower removal efficiencies were reported for carbamazepine (32%), lamivudine (24-58%), and nevirapine (11-49%) in the Kenyan WWTPs [65] . Also, some attempts have been made to develop sustainable, cost-effective and efficient treatment options for contaminated waters [80] . However, most of these approaches are limited to well-known legacy inorganic and organic contaminants. The development of appropriate technologies for water and wastewater treatment to meet emerging trends, amidst population growth and industrialization, in most African countries is a topic of current discuss [81] .
From a global and general perspective, approaches for removal of ECs in water have been reported. Their unique physicochemical characteristics have resulted in the employment of modified or advanced treatment technologies (and biological techniques) for their degradation or adsorption in aqueous systems. For example, Klamerth et al. [82] reported the use solar photo-Fenton process (Fe/H 2 O 2 ) as a tertiary treatment technique for the degradation of emerging contaminants such as progesterone, ibuprofen, and triclosan in municipal wastewater treatment plant and obtained positive results. The exact mechanism for the degradation of ECs in water aquatic media is challenging due to the possible effects of different environmental factors acting at the same time. Nevertheless, as a typical example, Jallouli et al. [83] proposed a possible pathway for heterogenous photocatalytic degradation of ibuprofen in different aqueous media using TiO 2 /UV-LED system (Fig. 3) . Generally, photocatalytic degradation of target organics is among the most widely investigated methods for removal of organic pollutants in aqueous media [84, 85] . Recently, severally reviews have been published on some advanced methods for removal of ECs in water [86] [87] [88] [89] . Some of the methods reported include UV-disinfection, granular media filtration, silver-impregnated porous pot filtration, biological filtration, activated sludge process, use of modified biochar, carbon nanotubes, graphene, mesoporous carbon, clay minerals, silica, zeolites, and metal organic frameworks, amongst others [86] [87] [88] [89] . The efficiency of these approaches depends on several factors such as adsorbent dose, contaminant type and concentration, as well as physical and chemical characteristics of the medium under consideration.
Regulatory Issues
Emerging contaminants in African regions are yet to be regulated due to the "emerging" identity. In other regions of the world like Europe, the European Chemical Agency (ECHA) provided a record of 143,000 industrial chemicals with recommended limits for use in industries [90] . Continuous production and usage of these chemicals for industrial or health purposes without regular checks and evaluation especially in poorly regulated areas in turn makes EC's readily available in sludges and aquatic environments in concentrations higher than permissible limits thereby posing threats [90, 91] . Some of the EC's that have received attention includes: triclosan and triclocarban, a widely used antimicrobial agents in personal care products have received Fig. 3 Proposed pathways for the degradation of ibuprofen by UV-LEDs/TiO 2 photocatalysis [83] much interest from international research units and evaluated for their ecotoxicity, persistence and further accumulation in the biotic environment [92, 93] .
Challenges and Research Needs
The major setback of quantification of emerging contaminants in most African environments has been the challenge of unavailability of appropriate analytical equipment. Unlike routine chemical contaminants like trace metals and polyaromatic hydrocarbons that occur at higher concentrations in most environments which can be analysed using readily available techniques, emerging contaminants occur mostly at microgram and nanogram levels. This requires highly sensitive equipment which may not be affordable for most African laboratories. However, despite the economic limitations, partnership with advanced research laboratories in the developed countries seems to be the way forward. Some EC's have been reported to be able to transform into different degradation products which may even occur in amounts greater than the parent compounds [94] . Consequently, there is need to monitor both the levels of emerging contaminants and the transformation products to clearly understand its fate and to keep a close watch on the aquatic environment in order to prevent deleterious effects. In addition, considering increasing usage of these compounds in most African regions, it may be necessary to think of developing costeffective methods of remediating these micro-contaminants from the environment as the available methods may not be suitable due to varying chemical behavior of emerging contaminants in the environment.
Conclusion
Emerging contaminant levels have been determined in the aquatic environments of some African regions. The levels were attributed to anthropogenic sources especially in regions where production, usage and disposal of the residual compounds are poorly regulated. It is quite unfortunate that large quantities of these compounds are in circulation in some African societies both as domestic and industrial chemicals and direct disposal of residual chemicals like hospital wastes, industrial effluents, expired drugs amongst others are prevalent in some of these regions. It is therefore necessary for scientists to prioritize research on toxicity studies, monitoring and potential risk evaluation of ECs in African environments in order to increase knowledge on their sources and fate for proper management. This is important given the large scarcity of data on the distribution of ECs in the region.
